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Available online 25 June 2015Modern theory of networks has been recognized as a very successful methodological
concept for the description and analysis of complex systems. However, some complex
systems are more complex than others. For instance, several real-life systems are consti-
tuted by interdependent subsystems and their elements are subjected to different types
of interactions that can also change with time. Recently, the multilayer network formalism
has been proposed as a general theoretical framework for the description and analysis of
such multi-dimensional complex systems and is acquiring more and more prominence
in terms of a new research direction. In the present study, we use this methodology for
the description of functional connectivity patterns and signal propagation between pancre-
atic beta cells in an islet of Langerhans at the levels of membrane potential (MP) and
cytosolic calcium concentration ([Ca2+]c) dynamics to study the extent of overlap in the
two networks and to clarify whether time lags between the two signals in individual cells
are in any way dependent on the role these cells play in the functional networks. The two
corresponding network layers are constructed on the basis of signal directions and pair-
wise correlations, whereas the interlayer connections represent the time lag between both
measured signals. Our results conﬁrm our previous ﬁnding that both MP and [Ca2+]c change
spread across an islet in the form of a depolarization and a [Ca2+]c wave, respectively. Both
types of waves follow nearly the same path and the networks in both layers have a similar
but not entirely the same structure. We show that the observed discrepancies are attribu-
ted to variability in delays between the depolarization and rise in [Ca2+]c. In particular,
high-degree nodes in both layers are found to exhibit a larger time lag between the MP
and the [Ca2+]c signal than nodes with less connections. We speculate that this ﬁnding
reﬂects a higher activity of endoplasmic reticulum calcium pumps in the most connected
cells. Our ﬁndings indicate that visualizing and studying the temporal information ﬂow and
interaction patterns between beta cells as a multiplex network can provide valuable new
insights into the physiology of the complex signaling processes in islets of Langerhans.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The endocrine pancreas controls the metabolic state
of the body by tightly balancing catabolic and anabolic
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for energy. Cells of the endocrine pancreas are organized
in islets of Langerhans. The most numerous cell type are
the insulin producing and secreting beta cells, for which
the main metabolic secretagogue is glucose [1]. Glucose
enters the beta cell and, according to the current consensus
model, accelerates metabolism, increases production of
ATP, and thus decreases the open probability of
ATP-sensitive potassium (KATP) channels in the plasma
membrane [2,3]. Closure of KATP channels depolarizes the
plasma membrane potential (MP), thereby triggering
inﬂux of calcium ions via the voltage-dependent calcium
channels and a subsequent increase of cytosolic calcium
concentration ([Ca2+]c) [4–6]. The aforementioned ﬁrst
two steps in the transduction pathway, i.e., the change in
the MP and the change in [Ca2+]c, both occur in the form
of oscillations that are tightly coupled within a beta cell
[4,7]. In addition to the activity of voltage-dependent cal-
cium channels, the shape of both MP and [Ca2+]c oscilla-
tions seems to be determined also by the uptake and
release of Ca2+ by internal stores as well as by the ﬂux of
Ca2+ across the plasma membrane mediated by
voltage-independent calcium channels, exchangers and
pumps [6,8,9]. The exact quantitative contribution of these
processes in shaping [Ca2+]c oscillations under stimulation
with glucose or other hormonal and neuronal secreta-
gogues in beta cells of various species and different exper-
imental models is a matter of ongoing investigations [6]. At
the moment, it is believed that in glucose-stimulated beta
cells of normal mice, the endoplasmic reticulum (ER) cal-
cium pump critically buffers the glucose-induced [Ca2+]c
oscillations by taking up Ca2+ actively into the ER during
the ascending phase of an oscillation and releasing it pas-
sively during the descending phase [10,11]. The ER is prob-
ably very leaky with respect to Ca2+ permeability and it has
been suggested that a beta cell consumes tremendous
amounts of energy to actively pump Ca2+ that leaks out
of the ER [6]. This is particularly interesting in the light
of our recent ﬁnding that within an islet, energy consump-
tion by beta cells, measured by their dissipation rate, is
higher in most connected cells [12].
At the higher organizational level of a whole pancreatic
islet, beta cells are electrically coupled through the gap
junctional protein Connexin36 [13,14]. This way, beta cells
within the islet form a functional network with many
emergent properties. For instance, coupled beta cells exhi-
bit wave-like spreading of MP and [Ca2+]c changes
throughout the islet [13,15–19]. A depolarization in a given
beta cell leads to an ionic current spreading from the depo-
larized to a resting neighboring cell with the magnitude
being determined by the difference in the electric potential
and by the junctional conductance between the two cells
[20,21]. The current arriving in a cell and being mediated
mostly by Ca2+ ions has two main consequences: (i) depo-
larization of the plasma membrane and (ii) increase in
[Ca2+]c in the injected cell [22]. We have demonstrated that
the second event follows the ﬁrst with a considerable delay
[18]. This is probably due to the fact that only a negligible
number of ions is needed to discharge the cell membrane
of a beta cell, whereas a larger number of ions is needed
to signiﬁcantly and measurably increase [Ca2+]c [22].Further, the delay might be due to binding of Ca2+ to
cytosolic buffering proteins and due to the activity of
Ca2+ pumps and exchangers extruding Ca2+ from the cyto-
sol into the extracellular space and into the lumen of the
ER [6,18,23]. Since the physiological processes within and
among beta cells are very complex and understood only
incompletely, we believe that a combination of advanced
imaging techniques and novel theoretical methods is
needed in order to acquire a more comprehensive under-
standing of the functional organization within the islets.
The modern graph theory, initiated by the discovery of
small-world and scale-free topological features within a
plethora of real-life systems, is nowadays one of the most
widely used approaches for studying complex systems
[24–27]. This novel methodology has proven to be particu-
larly useful for the description of relations and interplays
among dynamical elements, whereby nodes represent
individual components and the links signify interactions
between them. The concept of interaction networks
derived from empirical data, i.e. from recorded time series,
has been successfully and repeatedly applied to stock mar-
kets [28], climate science [29], environmental studies [30],
and functional connectivity within the brain [31].
Furthermore, these analytical approaches have also been
used for the investigation of intercellular connectivity pat-
terns at the tissue level, which has become feasible with
the recent advances in confocal calcium imaging tech-
niques that facilitate non-invasive simultaneous record-
ings of the intracellular calcium dynamics in a rather
large number of cells within intact tissues. This approach
has also been coined functional multicellular calcium
imaging (fMCI) [32–37]. These studies have revealed that
the functional intercellular networks share many struc-
tural similarities with several other natural or man-made
systems, such as the small-world property, a heteroge-
neous degree distribution and/or a modular structure
[35–37].
Nevertheless, traditional research concerning networks
assumes that interconnected nodes are placed within the
same isolated infrastructure, i.e., in a single layer, and that
the nodes are connected to each other by a single type of
static edges. Becoming aware of this (over)simpliﬁcation,
the scientiﬁc community gives increased attention to
investigations and development of formalisms regarding
temporal [38] and other types of multilayer networks
[39–44], thereby responding to the fact that several realis-
tic frameworks include multiple subsystems organized as
layers of connectivity that can also be dynamic and exhibit
multiple types of connections. For example, cells can inter-
act with each other through different signaling mecha-
nisms and hence the corresponding intercellular
networks are most ﬁrmly presented as a multiplex graph
with different layers signifying different pathways. In the
present study we follow these ideas and represent the
interaction patterns within the beta cell network as a mul-
tiplex network. Simultaneous recordings of MP and [Ca2+]c
dynamics facilitate the tracking of signal propagation and
the construction of the corresponding two layers of func-
tional networks. This methodology enables us to visualize
and examine the complex signalization and communica-
tion patterns in an islet of Langerhans. More speciﬁcally,
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in the two networks and analyze whether time lags
between the two signals in individual beta cells are in
any way dependent on the role these cells play in the func-
tional networks.2. Materials and methods
The tissue slice preparation and the experimental pro-
tocols to monitor [Ca2+]c and MP changes were described
in detail before [18,19,45]. Brieﬂy, 10–20 week old NMRI
mice of either sex were sacriﬁced and their abdomens
exposed. Liquid solution of low-melting point agarose
(1.9%) was injected through the proximal bile duct into
the ductal system of pancreas and immediately cooled
afterwards to allow for the agarose to harden. The agarose
served as a scaffold for cutting the soft pancreas tissue into
140 lm thick slices containing several cellular layers.
Slices were incubated in the dye-loading solution contain-
ing two reporter dyes: a MP dye (VoltageFluor, VF at
1.3 lM ﬁnal concentration, [46]) and a calcium sensitive
dye (Rhod-2 AM at 7.4 lM ﬁnal concentration). Time
traces of MP and [Ca2+]c were obtained with Leica TCS
SP5 II inverted confocal system using a Leica HCX PL APO
CS 20 immersion objective (NA = 0.7). VF and Rhod-2
were excited by an argon 514 nm and a diode pumped
solid state (DPSS) 561 nm laser, respectively. The emission
spectra of the two dyes allowed for discrimination of the
MP signal in one (520–554 nm) and the [Ca2+]c signal in
the second channel (570–700 nm). Regions of interest
were selected based on cell morphology and exported as
time series for off-line analysis. All recorded time series
were digitally low-pass ﬁltered, using a cut off frequency
of 5 Hz, in order to denoise the signals. On the basis of
smoothed time traces we determined characteristic onsets
of MP oscillation ti;MP and [Ca2+]c oscillation ti;½Ca2þc ,
whereby the subscript i refers to the ith cell. In particular,
we determined the onset of an oscillation as the time atFig. 1. Simultaneous recordings of MP (dotted lines) and [Ca2+]c dynamics
(solid lines) in two typical beta cells, as indicated by different colors. The
arrows denote speciﬁc times of interest for the ith and the jth cell.which a cell’s response increased to half of its maximal
amplitude (see Fig. 1).
For the extraction of interaction patterns between indi-
vidual beta cells we calculated the Pearson’s
cross-correlation coefﬁcient between the signals of the
ith and jth cell, deﬁned as follows:
Rij;x ¼
P½xi  xiðtÞ½xj  xjðtÞ
SxiSxj
ð1Þ
where xi and xj are the mean values of the recorded time
series, and sxi and sxj the corresponding standard devia-
tions. Note, that in Eq. (1) x refers either to time series of
MP or [Ca2+]c dynamics. By taking into account all cell pairs
we construct two correlation matrices, on the basis of
which we create two corresponding network layers for
the MP and [Ca2+]c signals, respectively. In particular, two
cells are considered to be connected if their correlation
coefﬁcient exceeds a predetermined threshold value Rth
[35]. Moreover, to reﬂect the course of signal propagation
the networks are constructed as directed graphs, whereby
the direction is determined by the difference in activation
times, so that the link is directed to the cell that is acti-
vated later. We additionally include a spatial constraint
for the length of connections (Lth = 45 lm) in order to avoid
the possibility of established connections between cell
pairs which are activated nearly at the same time but not
as a result of signal propagation. In other words, a directed
connection from the ith to the jth cell in the MP layer is
established if Rij;MP  Rth, ti;MP  tj;MP and lij < Lth, whereby
lij denotes the Euclidean distance between the given cell
pair. Similarly, a directed connection from the ith to the
jth cell in the [Ca2+]c layer is established if Rij;½Ca2þc  Rth,
ti;½Ca2þc  tj;½Ca2þc and lij < Lth. Lastly, we introduce directed
and weighted interlayer connections by linking the same
cells in both layers. The direction always points from the
MP to the [Ca2+]c network, thereby reﬂecting the fact that
the membrane depolarization precedes the [Ca2+]c rise.
The weight of the interlayer connection for the ith cell si
is determined on the basis of the time lag between the
MP and [Ca2+]c signal, and are calculated as:
si ¼ ti;½Ca2þc  ti;MP: ð2Þ3. Results
The results presented herein are based on simultaneous
recordings of MP and [Ca2+]c dynamics in an optical slice
with a group of 25 beta cells. We ﬁrst show in Fig. 1 typical
time courses of the MP and [Ca2+]c of two cells stimulated
with 12 mM glucose. It can be observed that the onset of
the oscillations in the two observed cells show that they
are activated at different times and that the rise in
[Ca2+]c follows the depolarization after a given time lag,
which is in accordance with our previous ﬁndings [18].
For a more precise investigation of this observation that
also encompasses all cells in this optical slice, we calculate
ti;MP and ti;½Ca2þc representing the onsets of the MP and
[Ca2+]c signal, respectively, as indicated in Fig. 1.
Fig. 2. Functional connectivity networks for MP (left panel) and [Ca2+]c (right panel) dynamics in an islet. Nodes are represented according to physical shape
of cell membranes (left) and cytosol (right) within the islet and further color-coded to indicate onset of oscillations (ti;MP and ti;½Ca2þc ). The averaged signal of
the MP signal (gray background) was used to reproduce cell shapes.
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works of beta cells with the aim to characterize the course
of both signals and the resultant intercellular interaction
patterns. The connectivity thresholds for the MP and
[Ca2+]c network layer were Rth ¼ 0:87 and Rth ¼ 0:95,
respectively. Different thresholds were needed in order to
ensure that both networks have a comparable average
degree. A lower threshold for MP signals is for the most
part attributed to more noise in recorded time series due
to smaller ROI. The average degree in both networks is
around 7.5. The MP-based and [Ca2+]c-based networks are
shown in Fig. 2. The colors of the nodes, i.e. cell membranes
or interiors of the cells, represent the color-coded onsets of
the oscillation. It can be observed that in both cases the
signals spread in a very similar way. Moreover, the connec-
tivity structure is also very similar in both networks. In
particular, less than 25% of links were found to be present
between cell pairs in one, but not in the other network. The
similarity of the connectivity patterns points out that the
MP activity and changes in [Ca2+]c are not only well syn-
chronized on the temporal scale [4] but also on the spatial
level.
Nevertheless, not only similarities but also differences
are present in the signal spreading pattern and in the
extracted network structures. For the most part the devia-
tions are a consequence of cell-to-cell variability in timeFig. 3. MP and [Ca2+]c dynamics in an islet of Langerhans represented as a mul
dynamics based connectivity maps, respectively. The thickness of interlayer con
with thicker edges indicating larger lags.lags between MP and [Ca2+]c response. To investigate this
issue in more detail and to clarify whether the time lags
between the two signals in individual cells depend on
the role these cells play in the functional networks, we rep-
resent the intercellular signalization pattern as a two-layer
network, whereby each layer corresponds to one of the
measured signals. The interlayer connections between
the same cells in both layers are then used for the descrip-
tion of the temporal sequence of the two signaling mecha-
nism. These connections are directed and weighted. In
particular, since the depolarization precedes the [Ca2+]c
signal, all interlayer connections are oriented from the
MP to the [Ca2+]c network. The weight of the connection
between the ith cell in both layers is determined on the
basis of temporal delays between both signals si (see
Section 2). The resulting multiplex network is shown in
Fig. 3. The upper layer in Fig. 3 shows the MP network
and the lower layer shows the [Ca2+]c network. Moreover,
the thickness of the interlayer connections reﬂects their
weights, i.e. the time lags si, with thicker edges indicating
larger time lags.
A visual inspection of Fig. 3 indicates that cells with
higher node degrees have thicker interlayer connections.
To put it differently, cells that transmit the signal faster
and are thus better synchronized with their neighbors,
seem to exhibit larger time lags between thetiplex network. The lower and upper layers represent the MP and [Ca2+]c
nections is linearly proportional to the time lag si between both signals,
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observation more clearly we analyzed whether there is any
correlation between the time lag and the overall-degree k,
in-degree kin and out-degree kout of individual cells. Results
in Fig. 4 show that a clear linear correlation between the
two variables is present, thereby conﬁrming that cells with
higher degrees encompass larger time lags si. This ﬁnding
can be attributed to various reasons, such as the relation-
ship between Ca2+ inﬂux through gap junctions and the
activity of ER pumps or the concentration of cytosolic cal-
cium buffering proteins, as discussed in more detail in the
next section. Moreover, this tendency seems to be more
expressed for the MP network layer than for the [Ca2+]c
network layer. We speculate that this difference refers to
the fact that the depolarization wave is the main mecha-
nism that governs the intercellular communication in the
islet. Finally, a rather signiﬁcant dispersion of the results
cannot be overlooked, which is in part a consequence of
the unavoidable inaccuracy in determining the oscillation
onsets due to noise in time series. On the other hand,
besides the extent of gap junctions also other factors may
have an impact of the delay between membrane depolar-
ization and Ca2+ release from the ER and thereby giving rise
to the dispersion of the results. Nonetheless, despite the
limiting options for the consideration of all the factors
and details, the proposed two-layer network approach
enabled us to identify an obvious relation between theFig. 4. The time lag between the MP and the [Ca2+]c signal in individual cells si a
and out-degree (right column) for networks extracted on the basis of the MP (upp
the linear ﬁt.intracellular signalization and the cell’s role in the network
that reﬂects the nature of intercellular interactions.4. Discussion
In our previous work, we have established that MP and
[Ca2+]c changes spread across islets in a wave-like manner
and that MP depolarizations precede increases in [Ca2+]c by
a small but signiﬁcant period of time [18,19]. In addition,
we have shown that the delays between the MP and
[Ca2+]c signal vary from cell to cell and are shortened upon
pharmacological manipulation that increases the ampli-
tude of MP and [Ca2+]c changes [18]. In this paper, we
investigated whether the delays between the increase in
MP and the increase in [Ca2+]c are in any way systemati-
cally pronounced in different cells of a single islet of
Langerhans, with special regard to their functional impor-
tance in the network structure.
In theory, a number of possible explanations exist for
the existence of the abovementioned time lags and for
their variability with regard to different cells. First, they
could be due to heterogeneity in cell volume, in concentra-
tion of cytosolic calcium buffering proteins, or in loading of
cells with ﬂuorescent dyes. More speciﬁcally, if the speciﬁc
inﬂux of Ca2+ per unit surface area is of a similar magni-
tude in different cells, a cell having a larger volume tos a function of total node degree (left column), in-degree (middle column)
er row) and the [Ca2+]c dynamics (lower row). The grey dotted lines denote
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buffers or ﬂuorescent calcium indicator molecules will
produce a slower time course of the ﬂuorescence signal
due to dilution and buffering of Ca2+ by cytosolic buffers
and indicator molecules. Importantly, in these cases the
slower time course is expected to be pronounced during
both the increase and the decrease in [Ca2+]c, with greater
lags and differences during the downslope [23].
Alternatively, the lags could be due to some other
mechanism actively amplifying or buffering [Ca2+]c and
the differences between lags due to functional differences
between individual beta cells. More speciﬁcally, beta cells
have been shown to actively buffer [Ca2+]c changes by an
energy consuming uptake of Ca2+ into the ER during the
upstroke of a [Ca2+]c oscillation and by an energy indepen-
dent release of Ca2+ from the ER during the downslope of a
[Ca2+]c oscillation [47–49]. Further, it has been hypothe-
sized that the ER is a very leaky organelle and that a beta
cell consumes a large amount of its energy for the activity
of Ca2+ pumps [6]. We have recently suggested a way to
indirectly assess the energy consumption of individual
beta cells by determining their dissipation rates and
demonstrated that functionally most connected cells have
the highest energy consumption [12]. We therefore set out
to explore whether beta cells displaying the largest time
lags between the MP and [Ca2+]c signal during the upstroke
are also the ones displaying largest time lags during the
downslope of a [Ca2+]c oscillation, suggesting a causal role
for passive buffering, or whether the large delays are
restricted to the upstroke phase and more pronounced in
the functionally most connected cells, suggesting a role
for the energy-consuming pumping of Ca2+ into the ER.
From the extracted directed functional networks con-
structed on the basis of MP and [Ca2+]c dynamics we have
shown that the activation pattern in the MP network layer,
i.e. the depolarization wave, and the activation pattern in
the [Ca2+]c network layer, i.e. the [Ca2+]c wave, follow
nearly the same path, with the former always preceding
the latter, thus conﬁrming our previous ﬁnding with a
new analytical method [18]. Additionally, we have also
shown, that a large proportion of functional connections
in the MP network are conserved in the [Ca2+]c network,
i.e., for a given node pair their functional connections exist
in both networks and points in the same direction. In other
words, it seems that the velocity of the depolarization
wave is slow enough to enable roughly the same general
direction of spreading of the MP and [Ca2+]c signals, despite
signiﬁcant differences in time lags between the MP and
[Ca2+]c signals in different cells. If for instance the velocity
of the depolarization wave was an order of magnitude lar-
ger, the abovementioned overlap would be lost and the
spreading of the [Ca2+]c signal would probably originate
in (many different) cells with the shortest time lags and
spread toward cells with the longest time lags between
the MP and the [Ca2+]c change. The close overlap between
both networks further conﬁrms that in an islet both elec-
trical excitation and the secretory response triggered by
Ca2+ proceed in an orderly manner. In the future, it would
be interesting to further extend our ﬁndings by simultane-
ously assessing the [Ca2+]c signal and the exocytotic
response in a large number of cells.In order to gain a deeper understanding about the possi-
ble reasons for a rather large variability in the time lags
between the two signaling mechanism in different cells,
we extended the two functional networks into a multiplex
network, by connecting the two layers based on the delay
between the onset of oscillations for the MP and the
[Ca2+]c signal, and analyzed the correlation between the
time lags during the upstroke and during the downslope
of oscillations, as well as between the time lags and the
functional connectivity of individual cells. Finally, we also
checked whether the dependence of time lag duration on
the number of functional connections is in any way
direction-selective. The detected strong correlation
between the time lags during the upstroke and the total
node degree of beta cells points to the possibility that these
time lags might play an important causal role in determin-
ing the functional connectivity pattern or simply reﬂect
higher energy consumption in themost connected and thus
most dissipative beta cells. The direction-independence of
time lags in the case of the MP network most probably sim-
ply indicates that cells with the most connections have the
largest number of both incoming and outgoing connections.
The dependence of time lags on the number of incoming
connections in the case of the [Ca2+]c network on the other
hand might indicate that the larger total Ca2+ in/out-ﬂux
through gap junctions is what stimulates beta cells to more
actively pump Ca2+ into the ER, thereby slowing down the
[Ca2+]c increase in a given cell, or – alternatively – that it
is a large intrinsic activity of ER pumps that makes a cell
an efﬁcient Ca2+ sink and thus a hub with many incoming
connections in the [Ca2+]c network. Further experiments
employing ﬂuorescent staining for MP and [Ca2+]c changes
together with ER-speciﬁc ﬂuorescent markers and pharma-
cological agents that disrupt the normal Ca2+ handling will
help adequately address these hypotheses. The answers
that we will get will not only provide valuable insight into
the normal functioning of complex islets but will also pro-
vide new ideas about how these complex networks break
down in diabetes.
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